Introduction p51, also known as p63 or KET, is a homologue of the tumor suppressor and transcription factor p53 (herein referred to as p51) (Osada et al., 1998; Yang et al., 1998) . p51 not only resembles p53 structurally but also functionally; it acts as a transcription factor capable of inducing apoptosis and growth arrest. Furthermore, its deregulated expression is frequently observed in a subset of human epithelial cancers and it is also shown to play definitive roles in tumor suppression (Crook et al., 2000; Hibi et al., 2000; Park et al., 2000; Cui et al., 2005) .
However, p51 does not resemble p53 in several aspects. First, its mutations are rarely detected in human cancers (Osada et al., 1998; Hagiwara et al., 1999) . Second, the p51 gene is tissue specifically transcribed into different isoforms (Osada et al., 1998; Yang et al., 1998) , whereas p53 is ubiquitously expressed (Bourdon et al., 2005) . Isoforms with a notable distinction are collectively termed as TAp51 isoforms and DNp51 isoforms, generated from two alternative promoters. The use of distal promoter generates TAp51 isoforms with transactivation domain (TA domain) in their NH 2 -terminus, capable of transactivating various p53 responsive promoters. The use of the proximal promoter generates DNp51 isoforms with a short peptide substituting for the TA domain, which exert dominant-negative activity against TA isoforms and p53 (Yang et al., 1998; Hibi et al., 2000; Ratovitski et al., 2001; Patturajan et al., 2002; Stiewe et al., 2002; Wu et al., 2003) . In addition, both isoforms undergo three alternative splicing events at the COOH-terminus generating six different isoforms (reviewed by Ikawa et al. (1999) ; Yang and McKeon (2000) ; Mills (2006) ). Third, p51 was shown to be profoundly involved in developmental processes. p51 null mice suffer severe epithelial defects including epithelial appendages (Mills et al., 1999; Yang et al., 1999 contrasting to p53 null mice developing apparently normal (Donehower et al., 1992) . More interestingly, p51 mutations underlie a subset of congenital diseases that affect tissues of ectodermal origin (Celli et al., 1999; McGrath et al., 2001; Duijf et al., 2002) .
Epidermis is rapidly renewing tissue, which is composed of a basal keratinocyte layer, spinous layers, granular layers and cornified layers (from bottom to top). The basal keratinocytes, composed of immature cells, continuously proliferate and attach to basement membrane via integrins. In the early stage of differentiation, the loss of integrin expression in the basal keratinocytes causes them to detach from the basement membrane, and to migrate into upper layers. Concomitant with this migration, keratinocytes cease to proliferate and start to express marker proteins, including keratin1, keratin10 and involucrin in spinous layers and filaggrin and loricrin in granular layers (reviewed by Fuchs (1990) ).
Specific expression of DNp51B/DNp63a isoform in basal keratinocytes (Yang et al., 1998; Parsa et al., 1999) and overexpression of this isoform in a range of squamous cell carcinomas suggest growth promoting potential of this isoform (Crook et al., 2000; Hibi et al., 2000; Park et al., 2000; Cui et al., 2005) . Despite this obvious importance of p51, its exact roles in these processes are largely unknown. Thus, we investigated the functional interplay between the protein and Notch1 in keratinocytes, because Notch1 is also shown to be vital in keratinocyte differentiation and its tumor suppressive function in skin carcinogenesis (Rangarajan et al., 2001; Nicolas et al., 2003; Okuyama et al., 2004) . Notch1 is a large transmembrane receptor, which undergoes ligand-dependent proteolytic release of its cytoplasmic moiety, designated Notch intracellular domain (NICD). This NICD translocates from the cell membrane to nucleus where it acts as a component of transcriptional complexes (Jarriault et al., 1995) , exerting its functions crucial for cell fate determination (Artavanis-Tsakonas et al., 1999) .
We describe here our discovery of DNp51B being a long-sought factor capable of inhibiting Notch1 activity by using the mouse primary keratinocyte culture system, an ideal system to study regulation of epithelial cell proliferation and differentiation (Hennings et al., 1980) . We also postulate a plausible model functioning in the maintenance of the squamous epithelium and the development of human diseases including squamous cell carcinoma and psoriasis.
Results
Inhibitory activity of p51 on Notch1 signaling First, we examined the expression pattern of p51 and Notch1 in keratinocytes and found that both of them were expressed in immature basal keratinocytes, whereas only Notch1 was expressed in the spinous layer ( Figure 1a) .
Then, we used primary culture of mouse keratinocytes to determine the effects of combined expression of p51 and Notch1. Cells cultivated under low calcium medium mimic undifferentiated proliferating keratinocytes. Upon replacement to high calcium medium, the cells mimic the differentiation processes observed in vivo. The expression of DNp51B isoform, which was abundant in immature keratinocytes, gradually decreased as the differentiation proceeded (Figure 1b) , which was confirmed by reverse transcription-polymerase chain reaction (PCR) analysis (data not shown). These observations recapitulate the in vivo condition where DNp51B is a predominant isoform detected in the basal layer (Yang et al., 1998) . Using this system, we examined the effects of p51 on Notch1 activation by monitoring luciferase reporter activity of the Hairy and Enhancer of Split homologue-1 (Hes-1) promoter (Jarriault et al., 1995) . Transfection of Notch1 intracytoplasmic domain (NICD; a constitutively active form of Notch1) transactivated the Hes-1 promoter (Hes-AB), but not the Hes-DAB, a negative control (Figure 2a ). This transactivation was inhibited by exogenous expression of DNp51B (Figure 2a ) in a dose-dependent manner (Figure 2b ). Furthermore, exogenous expression of DNp51B led to inhibition of Notch1-dependent induction of endogenous Hes-1 protein (Figure 2c ). Conversely, reduction in the amount of the DNp51B by three independent siRNAs specific to Frozen sections of mouse backskin were stained for Notch1 (red), and for p51 (green). Arrows: skin surface, broken lines: dermal/ epidermal junction. Scale bar: 50 mm. (b) The expression of DNp51B gradually decreased in differentiating keratinocytes. Protein extracts prepared from keratinocytes cultivated for the indicated hours after replacing to high calcium medium (2 mM) were immunoblotted with p51 antibody. DNp51B gradually decreased after replacement, whereas TAp51B remained undetectable throughout the process. The same blot was stripped and reprobed with anti-keratin 5 antibody for equal loading. Similar results were obtained in three independent experiments. Arrows indicate expected migration points corresponding to TAp51B and DNp51B.
Maintenance of keratinocyte stem cells by p51/p63 and Notch1 R Okuyama et al DNp51B sequence (Figure 2d ) increased Hes-1 promoter activity (Figure 2e ) and the amount of endogenous Hes-1 protein (Figure 2f ). Taken together, DNp51B inhibited Notch1 signaling in these cells.
To investigate the nature of this DNp51B-dependent inhibition of Notch1 activity, we then tested a possibility of the well-known property of DNp51B, which is dominant-negative activity toward TAp51-dependent Figure 2 DNp51B expression in mouse keratinocytes inhibits Notch1 activity. (a) DNp51B expression inhibits Hes-1 promoter activity. Primary mouse keratinocytes were transfected with either DNp51B expression plasmid or empty vector control along with luciferase reporter plasmids carrying either the wild type promoter (Hes-AB) or the mutated promoter abrogated for RBP-Jk/Notchdependent transactivation (Hes-DAB) (b) DNp51B expression dose dependently inhibits Hes-1 promoter activity. Keratinocytes were transfected with increasing amounts of DNp51B expression plasmid. (c) DNp51B expression decreases the amount of endogenous qHes-1. The extracts from keratinocytes infected with control LacZ adenoviruses (Ad-LacZ), or adenoviruses expressing DNp51B q(Ad-DNp51B) were immunoblotted with Hes-1 antibody. Tubulin-a was used as a loading control. (d) Immunoblots of keratinocytes transfected with p51 specific siRNAs. Extracts from keratinocytes at various time points (hours) after transfection of siRNAs were immunoblotted with p51 antibody. DNp51B expression was suppressed by the siRNA targeted for p51 specific sequence (P-1, -2 and -3), not by that for GFP specific sequence (C) as a control. RasGAP was used as a loading control. (e) The reduction of DNp51B expression enhances Hes-1 promoter activity. Keratinocytes were transfected with the Hes-AB promoter reporter together with p51 specific siRNAs. GFP specific siRNA was used as a control. In reporter experiments, data were calculated from at least three replicate experiments. (f) The reduction of DNp51B expression increases the amount of Hes-1 protein. Tubulin-a was used as a loading control.
Maintenance of keratinocyte stem cells by p51/p63 and Notch1 R Okuyama et al transactivation (Yang et al., 1998) . However, it was highly unlikely since TAp51B (TAp63a) was also capable of suppressing Notch1 activity ( Figure 3a ) and combined expression of TAp51B and DNp51B further augmented the inhibition ( Figure 3b ). We also confirmed this effect of TAp51B by examining the expression of endogenous Hes-1 protein ( Figure 3c ). Exogenous expression of TAp51B as well as DNp51B
inhibited Notch1-dependent induction of endogenous Hes-1. Thus, the dominant-negative inhibition of TAp51B by DNp51B was shown not to be the case for DNp51B-dependent inhibition of Notch1. Subsequently, we examined for a possible interaction between TA/DNp51B and Notch1 by immunoprecipitation-Western blotting experiments (data not shown). As these experiments failed to detect direct association Figure 3 The expression of DNp51B or TAp51B inhibits Notch1 activity. (a) The expression of DNp51B or TAp51B inhibits Notch1-dependent activation of Hes-1 promoter. An experiment similar to Figure 2b using TAp51B expression plasmid was performed. (b) DNp51B and TAp51B expression additively inhibits Notch1-dependent activation of Hes-1 promoter. Similarly, keratinocytes were transfected with 0.3 mg of DNp51B expression plasmid and a designated amount of TAp51B expression plasmid. In reporter experiments, data were calculated from at least three replicate experiments. (c) The expression of DNp51B or TAp51B reduces the amount of endogenous Hes-1. The extracts from keratinocytes infected with control Ad-LacZ, Ad-DNp51B or adenoviruses expressing TAp51B (Ad-TAp51B) were immunoblotted with Hes-1 antibody. Tubulin-a was used as a loading control. (d) DNp51B or TAp51B does not bind to the Hes-1 promoter. Primary mouse keratinocytes infected with Ad-LacZ, Ad-DNp51B or Ad-TAp51B were subjected to ChIP analyses, using FLAG antibody or unrelated antibody as a control. p21 promoter was used as a positive control. The amount of immunoprecipitated DNA was calculated relative to the total DNA input. (e) The expression of DNp51B or TAp51B does not alter Notch1/2 or Jagged1/2 expression. Keratinocytes were infected with Ad-DNp51B, Ad-TAp51B or Ad-LacZ as control. RasGAP was used as a loading control. (f) Notch1 overexpression slightly decreased DNp51B expression. Protein extracts prepared from keratinocytes infected with adenoviruses were subjected to Western blotting. The above data are representatives of at least three independent experiments. RasGAP was used as a loading control.
Maintenance of keratinocyte stem cells by p51/p63 and Notch1 R Okuyama et al between them, we next tested for a possible binding of TA/DNp51B to the Hes-1 promoter by chromatin immunoprecipitation (ChIP) assay (Figure 3d ). This also failed to detect direct association of p51 to any promoter region used in the luciferase construct using four different combinations of primers for PCR amplification.
As, these results imply that p51 indirectly inhibited Notch1 signaling, we next examined the effects of p51 on expression of Notch receptors and their ligands. Exogenous expression of neither DNp51B nor TAp51B resulted in the alteration of Notch1 and 2 expression levels or Jagged1 and 2 expression levels ( Figure 3e ).
In addition, exogenous expression of NICD decreased p51 expression (Figure 3f ), which suggests that Notch1 may negatively regulate p51 as a negative feedback mechanism. If this decrease is caused by NICD, it is likely to be caused by a post-transcriptional event for NICD expression did not influence TAp51 or DNp51 promoter activity. However, we prefer to consider that this observation is resulting from forced differentiation of primary keratinocyte by NICD expression, which is observed by many investigators. p51 expression is probably reduced as a consequence of differentiation, which is also observed in naturally differentiating keratinocyte.
Taken all together, DNp51B was found to have inhibitory activity toward Notch1 signaling pathway in keratinocytes.
Inhibition of Notch1 induced growth arrest of immature keratinocytes by p51
We next analysed the effects of p51 and Notch1 expression on cell proliferation by monitoring bromodeoxyuridine (BrdU) incorporation in keratinocytes infected with adenoviruses transducing DNp51B and NICD. While NICD suppressed the incorporation (Rangarajan et al., 2001) , we found that co-infection of DNp51B or TAp51B virus alleviated such Notch1-dependent suppression in a dose-dependent manner (Figure 4a ). Conversely, reduction of endogenous DNp51B protein by the siRNA technique augmented the suppression by endogenous Notch1 (Figure 4b ). Overexpression of DNp51B or TAp51B by itself did not significantly alter BrdU incorporation (Figure 4c ). These results suggested that a surplus of p51 expression does not accelerate proliferation, which is adequately supplied by endogenous DNp51B. These observations were also confirmed by monitoring thymidine uptake (data not shown). Thus, cell cycle control of basal keratinocytes is accomplished by balanced activity of Notch1 and DNp51B.
We further looked for a possible contribution of p21 (also called p21 WAF1 , p21 sdi1 , p21 cip1 and Ink4A) to cell cycle control, since its elevated expression is well known to induce cell cycle arrest and was shown to be transactivated by TAp51 isoforms, which in turn is inhibited by DN isoforms (Yang et al., 1998; Ratovitski et al., 2001) . Unexpectedly, we found that neither exogenous expression of TAp51B nor DNp51B influenced p21 promoter activity in keratinocytes (Figure 4d ). More surprising was that both DN and TA isoforms of p51 inhibited the Notch1-dependent activation of p21 promoter activity (Figure 4e ) and Notch1-dependent induction of endogenous p21 protein (Figure 4f ). Thus, we speculate that p51 controls keratinocyte cell cycle in part by interfering with Notch1-dependent induction of growth inhibitor p21.
DNp51B induces integrin expression in keratinocytes
We then analysed the effects of p51 and Notch1 expression on integrin expression by examining integrin expression in cultured keratinocytes in conjunction with exogenous expression of p51 and NICD. As reported (Rangarajan et al., 2001) , exogenous NICD expression resulted in the down-regulation of integrins b1 and b4, which are specifically expressed in immature keratinocytes (Figure 5a ). In NICD overexpressing keratinocytes, integrin downregulation was further potentiated by replacing to high-calcium medium, which triggers mouse keratinocyte differentiation. By contrast, exogenous expression of DNp51B (Figure 5b ) or TAp51B ( Figure 5c ) caused upregulation of integrin b4 expression, but not of integrin b1 in keratinocytes. Conversely, reduction of endogenous DNp51B level by siRNA resulted in the decrease of integrin b4 expression, but not that of integrin b1 (Figure 5d ). As expected, NICDdependent downregulation of integrins was relieved by overexpression of DNp51B ( Figure 5e ); integrin b1 expression recovered to a normal level, and b4 was induced to the level above normal, probably due to intrinsic inducibility of b4 by DNp51B itself. Therefore, DNp51B expression warrants integrin expression even under the influence of Notch1 allowing attachment of keratinocytes to the basal membrane.
We further examined the effects of p51 and Notch1 expression on integrin-mediated signaling, particularly on extra-cellular signal-regulated kinase (Erk) pathway, which is known to function down-stream of integrin signaling (Mainiero et al., 1997; Zhu et al., 1999) . Indeed, exogenous expression of DNp51B induced phosphorylation of Erk and Mek1/2 (Figure 5f ), and the reduction of DNp51B by siRNA method decreased phosphorylation (Figure 5d ), together suggesting that DNp51B-dependent expression of the integrins leads to the activation of Mek1/2-Erk pathway. Moreover, DNp51B relieved Notch1-dependent dephosphorylation of Erk in a dose-dependent manner (Figure 5g ). Furthermore, reduction of endogenous integrin b4 by transfection of siRNA specific to integrin b4 downregulated phosphorylation of Erk in mouse keratinocytes (Figure 5h) . Thus, p51 interfered with Notch1-dependent growth arrest not only by inhibiting p21 induction but also by maintaining the integrinmediated Erk activation.
Discussion
In this study, we identified DNp51B as the long-sought factor counteracting Notch1 activity of inducing differentiation of immature keratinocyte. Furthermore, we propose a new model for maintaining squamous epithelium and the development of human diseases.
Inhibition of Notch1 activity in immature keratinocytes by DNp51B Despite Notch1 activation in keratinocytes leads to induction of growth arrest and differentiation, Notch1 Keratinocytes were transfected with siRNAs specific to p51 (P-1, 2 and 3) or to a control GFP (C). BrdU labeling indices were determined as above using primary keratinocytes transfected with p51 specific siRNA as indicated. (c) The expression of DNp51B or TAp51B does not provoke proliferation of mouse keratinocytes. BrdU labeling index of keratinocytes infected either with a control Ad-LacZ, Ad-DNp51B or Ad-TAp51B is shown. (d) The expression of DNp51B or TAp51B does not transactivate p21 promoter. Primary mouse keratinocytes were transfected with p21 promoter luciferase reporter plasmid with DNp51B or TAp51B expression plasmid (upper panel). The expression of DNp51B or TAp51B was confirmed by immunoblotting with p51 antibody (lower panel). Arrows indicate expected migration points corresponding to TAp51B and DNp51B. (e) The expression of DNp51B or TAp51B Inhibits Notch1-dependent transactivation of p21. Experiments were carried out similarly to those of (d). In luciferase reporter experiments, data were calculated from at least three replicate experiments. (f) Expression of DNp51B or TAp51B decreases the amount of endogenous p21 protein. The extracts from keratinocytes infected with control Ad-LacZ, Ad-DNp51B or Ad-TAp51B were immunoblotted with p21 antibody. Tubulin-a protein was used as a loading control. The above data are representatives of at least three independent experiments.
Maintenance of keratinocyte stem cells by p51/p63 and Notch1 R Okuyama et al Figure 5 The expression of DNp51B blocks Notch1-dependent inhibition of integrins expression and integrin-mediated signaling. (a) Notch1 activation inhibits the expression of integrin b1 and b4 in mouse keratinocytes. Protein extracts were prepared from primary keratinocytes infected with the LacZ or NICD adenoviruses at indicated time after induction of differentiation, and subjected to immunoblotting experiments. RasGAP was used as loading control. (b) The expression of DNp51B induces integrin b1 and b4 expression in keratinocytes. Keratin 5 was used as loading control. (c) The expression of DNp51B (DN-B) or TAp51B (TA-B) induces integrin b1 and b4 expression in keratinocytes. RasGAP was used as loading control. (d) The reduced expression of DNp51B in keratinocytes by siRNAs decreases integrin b1 and b4 expression. Protein extracts prepared from mouse primary keratinocytes transfected with siRNAs specific to p51 (P-1, 2, and 3) or a control GFP (C) as indicated were subjected to immunoblotting. Tubulin-a was used as loading control. (e) DNp51B expression blocks Notch1-dependent inhibition of integrin b1/b4 expression. Primary keratinocytes were co-infected with increasing MOI of Ad-DNp51B and Ad-Notch1 NICD . Viruses were compensated for a total of 100 MOI by lacZ virus. RasGAP was used as loading control. (f) DNp51B expression induces Erk1/2 and Mek1/2 phosphorylation. (g) DNp51B expression blocks Notch1-dependent inhibition of Erk1/2 phosphorylation. (h) The reduced expression of integrin b4 decreases p51-induced phosphorylation of Erk1/2. Protein extracts prepared from mouse primary keratinocytes transfected with siRNAs specific to integrin b4 (I-1 and 2) or a control GFP (C) were subjected to immunoblotting with phospho-specific Erk1/2 antibody. Tubulin-a was used as loading control. The above data are representatives of at least three independent experiments.
Maintenance of keratinocyte stem cells by p51/p63 and Notch1 R Okuyama et al and its ligands are highly expressed in the proliferating immature cell layer. Furthermore, the activity of Notch1 is kept low in immature keratinocytes implying the presence of unidentified mechanisms inhibiting Notch1. In this study, we have identified DNp51B protein as a new factor inhibiting Notch1 in keratinocytes. Although direct binding of DNp51B and Notch1 was undetectable, we have seen DNp51B-dependent inhibition of Notch1 in many ways. Thus, we speculate that DNp51B is acting very close upstream of Notch1 or requiring other unidentified factors. DNp51B interfered with two aspects of Notch1 function that are shown to be prerequisite for keratinocyte differentiation, namely induction of growth arrest and differentiation. We have shown that DNp51B inhibited Notch1-dependent suppression of proliferation partly through inhibiting Notch1-dependent transactivation of p21 (Rangarajan et al., 2001) . Also to be noted is that although DNp51B expression is essential for maintaining proliferation of keratinocytes, it did not promote proliferation of immature keratinocytes by itself; it only alleviated Notch1-dependent growth arrest of immature keratinocytes. Therefore, other signaling systems, such as epidermal growth factor (EGF), fibroblast growth factors (FGFs) and downstream molecules are prerequisite for provoking proliferation of immature keratinocytes.
This inhibitory effect of DN and TA isoforms of p51B may have been caused by an ancillary transactivation domain common to both isoforms (Dohn et al., 2001) , since numerous transcription factors are shown to be converted to transcription repressors depending on cellular context. Otherwise, it is attractive to speculate the involvement of an inhibitory domain residing in the COOH-terminus of p51B isoforms (Serber et al., 2002) . Interestingly, DNp51B binds to inhibitor kappa B kinase (IKK)a through the COOH-terminus region triggering keratinocyte differentiation (Enjo et al., submitted) and many of the p51 mutation found among human hereditary syndromes reside in the COOH-terminal domain ( (Celli et al., 1999; McGrath et al., 2001; Duijf et al., 2002) .
The other aspect of the function carried out by Notch1, which was interfered by DNp51B, was Notch1-dependent downregulation of integrin a6b4 and integrin b1. This DNp51B-dependent maintenance of integrin expression, which allows integrin-mediated emission of a growth promoting signal through the Erk pathway (Mainiero et al., 1997; Zhu et al., 1999) , further supports a role of DNp51B in promoting the proliferation of keratinocytes. This regulation of integrin expression was not affected by p21 overexpression (unpublished result), suggesting that this regulation was not caused by p21 regulation mentioned above. Downregulation of integrins allows keratinocytes to detach from basement membrane inducing differentiation. The integrins are indispensable for proper formation of the epidermis system, including hemidesmosome, basement membrane. Once epidermis has formed properly, integrins enable keratinocytes to attach to basement membrane through interactions with the extracellular matrix, which is speculated to supply a niche for the immature keratinocytes. As the enhanced expression of integrin a6b4 together with activation of RAS oncogene or inhibition of nuclear factor kappa B (NFkB) pathway will lead to development of invasive epidermal neoplasia (Dajee et al., 2003) , we speculate this ability of DNp51B to induce integrin a6b4 is closely linked to its tumourigenic nature allowing continuous proliferation of neoplastic cells. As stated bellow a link between DNp51B and IKKa, which is a component of a canonical regulator of NFkB pathway (IKK signalosome), further strengthens close linkage of this pathway to the genesis of epidermal neoplasia and to epithelialmesenchymal transition adding invasiveness to neoplasia (Huber et al., 2004) .
Mechanisms involved in the maintenance of stratified epithelium Irrespective of the mechanisms involved, the above mentioned relationship between p51 and Notch1 function suggests that balancing of the DNp51B protein and NICD determines the net Notch1 activity, thereby critically determining the cell fate of immature keratinocytes ( Figure 6 ). In normal stratified epithelium, keratinocytes of the basal layer where DNp51B predominates over Notch1 are kept immature by being attached to basement membrane. We speculate that cells are stochastically oozed out to spinous layers, leading to IKKa activation, direct phosphorylation of DNp51B, and targeting of DNp51B to proteasomal degradation (Enjo et al., submitted). Subsequently, Notch1 liberated from DNp51B inhibition in the spinous layer results in growth arrest and differentiation of keratinocytes ( Figure 6) .
In mouse models, the DNp51B-dominant condition achieved by targeting of Notch1 in keratinocyte stem cells causes hypertrophy and increases immature basal cells leading to the genesis of squamous cell carcinoma of the skin (Rangarajan et al., 2001; Nicolas et al., 2003) . The DNp51B-dominant condition achieved by targeting IKKa shows hyperplasia with concomitant increase of undifferentiated keratinocytes (Hu et al., 1999; Takeda et al., 1999) . TAp51B transgenic mice suffer from epidermal hyperplasia and poor differentiation (Koster et al., 2004) . Surprisingly, the DNp51B transgenic mouse did not exhibit clear abnormality of the skin. This implies that TAp51B is much more potent inhibitor of Notch1 than DNp51B considering the fact that TAp51B is a much more labile protein than DNp51B (Serber et al., 2002) . We do not have a plausible explanation for this discrepancy other than that the transgenic experiment was designed to express the proteins in early embryonic stages, whereas we used keratinocytes of much later stages.
In contrast, Notcht1-dominant condition in suprabasal cells achieved by Notch1 transgenic mouse exhibited an increase of the differentiated cell compartment in the epidermis (Uyttendaele et al., 2004) . Notch1-dominant condition generated by p51 gene targeting exhibited enhanced differentiation of immature keratinocytes leading to depletion of basal layer cells (Mills et al., 1999; Yang et al., 1999 .
Consistent with above models, overexpression of the DNp51B and downregulation of Notch1 is observed in wound healings where excess of proliferation occurs (Thelu et al., 2002; Cui et al., 2005) . Overexpression of DNp51 is observed in squamous cell carcinoma in esophagus (Cui et al., 2005) and downregulation of Notch is also observed in human skin tumors (unpublished result). p51 overexpression (unpublished observation) and downregulation of Notch and its ligands (Thelu et al., 2002) are also observed in psoriasis, a common skin disease showing hyperplasia of keratinocytes. Taken together, predominance of p51 over Notch1 activity in stem cell population leading to perpetual proliferation will give rise to epidermal neoplasia and its preponderance in the differentiated compartments will only give rise to hyperplasia exemplified by psoriasis.
The activity imbalance between DNp51B and Notch1 may explain phenotypes of numerous human hereditary disorders caused by autosomal mutations of p51 gene (Celli et al., 1999; McGrath et al., 2001; Duijf et al., 2002) . The phenotypes of these dominant syndromes are much milder than that of p51 null mice owing to inheritance of both the mutant and the wild-type p51 alleles. They also exhibit various combinations of abnormalities in skin, teeth, mammary glands and limbs depending on the nature of the p51 mutations. Of interest is the AEC (ankyloblepharon ectodermal dysplasia and clefting; Hay-Wells disease) syndrome, which is characterized by dramatic skin abnormalities, including skin erosion and fusion of eyelids. We speculate that decreased inhibition of Notch1 caused by p51 mutation results in hypotrophic epidermis with erosion due to depletion of immature cells.
During preparation of the manuscript, the finding similar to our observation, namely mutual regulation between Notch1 and p51, was reported (Nguyen et al., 2006) , however, their finding does not address the issue of stratification of squamous epithelium. Furthermore, the Hes-1 promoter construct used in our study did not contain p51-binding region of Hes-1 gene, which is reported to be directly responsible for inhibition of Notch-dependent transactivation of Hes-1 gene (Nguyen et al., 2006) . Thus, we speculate that DNp51B indirectly inhibits Notch1. We also found intrinsic functions of p51 in inducing expression of integrin a6b4, which promotes attachment of basal cells to basal membrane thereby keeping the cells in immature state as well as counteracting with Notch1. Nonetheless, their report further strengthens our observations described here.
We have described our discovery of the crosstalk between p51 and Notch signaling pathway in keratinocytes. The immature state is maintained by the inhibitory effect of p51 against Notch1 activity in keratinocytes. The balanced activities of p51 and Notch1 play pivotal roles in maintaining stratified epithelia. Our findings should extend the understanding of not only development and homeostasis of epithelial tissue but also of the pathogenesis of epithelial diseases such as skin tumors and psoriasis.
Materials and methods

Cells and recombinant adenovirus infection
Primary keratinocytes were isolated from newborn CD 1 mice. Cells were cultivated in MEM supplemented with 4% Chelextreated fetal calf serum, EGF (10 ng/ml; Gibco, Tokyo, Japan), and 0.05 mM Ca 2 Cl (low-calcium medium), as described (Hennings et al., 1980) . For all the experiments, the cells were used 1 week after plating and differentiation was induced by addition of Ca 2 Cl to a final concentration of 2 mM.
Primary mouse keratinocytes were infected with recombinant adenoviruses (human DNp51B, TAp51B and b-galactosidase (LacZ)) at a multiplicity of infection of 50 for 1 h, cultivated for 24 h in low-calcium medium, and then either cultivated in the same medium or differentiation medium for the indicated hours. The amino-acid sequence identity of each isoform of p51 between the human and mouse was greater than 97%. Furthermore, some of the key experiments were later confirmed by the use of mouse p51 cDNA, which gave essentially identical result with the use of human cDNAs.
Antibodies
The following antibodies were purchased and used as recommended: mouse anti-p63 antibody (4A4) (Neomarkers, Figure 6 Controlling mechanisms underlying the maintenance of stratified epithelium. While Notch1 induces growth arrest and differentiation of keratinocytes, DNp51B by inhibiting Notch1 activity in the basal layer maintains cells with proliferation potential and integrin expression pattern in an immature state. In the spinous layer, IKKa activation triggers proteasomal degradation of DNp51B by its phosphorylation, which enables Notch1 to exert its potential to induce early differentiation and withdrawal from proliferation.
Fremont, CA, USA); goat anti-Notch1, goat anti-Notch2, goat Jagged and goat Jagged2 antibodies (Santa Cruz, Santa Cruz, CA, USA); mouse anti-BrdU monoclonal antibody (3D4) and rat anti-integrin b4 monoclonal antibody (346-11A) (BD Biosciences, Tokyo, Japan); rat anti-integrin b1 monoclonal antibody (MB1.2) (Chemicon, Temecula, CA, USA); fluorescein (FITC)-coupled goat anti-rabbit antibody and horseradish peroxidase (HRP)-conjugated goat anti-mouse and goat anti-rabbit IgG antibodies (Amersham, Tokyo, Japan); and FITC-coupled donkey anti-goat and HRPcoupled donkey anti-goat antibodies (Jackson Laboratories, West Grove, PA, USA); rabbit anti-phospho-ERK, rabbit anti-ERK, anti-phospho-MEK1/2, and anti-MEK1/2 antibodies (Cell Signal Technology, Tokyo, Japan). Anti-Hes1 antibody was kindly supplied by Dr T Sudo (Toray Industries Inc., Japan).
BrdU incorporation
Cells labeled with BrdU for the last 5 h of cultivation were permeabilized in 0.1% NP-40, denatured in 50 mM NaOH. BrdU incorporation was detected by anti-BrdU antibody. Total number of nuclei was determined by fluorescent microscopic observation of the nuclei stained with 1 mg/ml propedium iodide. At least 6 different fields were assayed per sample (>100 cells/field). Percentages of BrdU-positive nuclei ¼ Number of BrdU positive nuclei/number of total nuclei Â 100.
Immunoblotting
Proteins extracted with 2 Â laemmli sample buffer (Tris 125 mM pH 6.8, 4% SDS, 20% glycerol, and 5% b-mercaptoethanol) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to Immobilon-P membranes (Millipore, Tokyo, Japan). Blots were developed using horseradish peroxidase conjugated secondary antibodies and the ECL detection system (Cell Signal Technology).
Immunostaining of skin tissues
Frozen skin sections (6 mm thick) were fixed with 2% paraformaldehyde. Non-specific binding was blocked using 5% serum for 30 min, and incubated with primary antibodies followed by incubation with isotype-specific secondary antibodies. Samples were analysed by confocal microscope using a TCS 4D scanner (Leica, Heerbrugg, Switzerland) connected to an inverted LEITZ DM IRB microscope (Oberkonen, Germany).
Transfection
Primary keratinocytes transiently transfected with plasmid DNA using lipofectamine 2000 (Invitrogen, Tokyo, Japan) were subjected to dual luciferase reporter assay (Promega, Tokyo, Japan) 72 h after transfection. Relative luciferase activities were normalized for Renilla luciferase activity. siRNAs targeting sequence 576-596 (P-1), 742-762 (P-2), and 1728-1748 (P-3) of DNp51B were synthesized (Thermo, Ulm, German) (number 1 corresponding to the A base of the start codon of DNp51B cDNA). siRNAs specific to integrin b4 (I-1 and I-2) were purchased from Qiagen (Tokyo). siRNA specific to green fluorescence protein was used as controls (C). siRNAs were transfected using lipofectamin 2000 (Invitrogen).
ChIP and real-time PCR ChIP analyses were performed essentially as described (Shang et al., 2000) . In brief, keratinocytes infected with adenovirus vectors as indicated were cross-linked with formaldehyde (1% final concentration) for 15 min at room temperature. Nuclei fractions were physically broken down so as to bring DNAs to an average length of approximately 800 bp by sonicator and then immunoprecipitated with the antibodies. After releasing cross-linked DNAs from the immunoprecipitated materials with 10 mM DTT, they were incubated for 6 h at 651C to remove formaldehyde from the DNA. After purification by QIAquick PCR purification kit (Qiagen), the recovered DNAs were subjected to PCR analyses. Real-time PCR analyses were done with Quantitect SYBR Green PCR kit (Qiagen) and Opticon 2 (MJ Research, Tokyo, Japan), using the pairs of primers capable of amplifying DNA fragments surrounding binding elements of Notch/RBP-Jk complex residing in Hes-1 promoter and those of p53 in p21 promoter. The following primers were used for real-time PCR amplification of reporter for Hes-1: 5 0 -TTGATTGACGTTGTAGCCTCC-3 0 and 5 0 -AT TCCGCTGTTATCAGCACC-3 0 ; 5 0 -CGTGTCTCTTCCTCC CATTG-3 0 and 5 0 -GCACTATTCCAGGACCAAGG-3 0 ; 5 0 -GAT CACACAGGATCTGGAGC-3 0 and 5 0 -AGACGCAGGTAC TGTCTTACC-3 0 ; 5 0 -TTGCATGCAGCAAGAACAAT-3 0 and 5 0 -CAGCTGGCATTTTCGTTTTT-3 0 ; and that for p21; 5 0 -CC TTTCTATCAGCCCCAGAGGATACC-3 0 and 5 0 -GGGACG TCCTTAATTATCTGGGGTC-3 0 .
